The recent discovery of a direct link between the sharp peak in the electron quasiparticle scattering rate of cuprate superconductors and the well-known peak-dip-hump structure in the electron quasiparticle excitation spectrum is calling for an explanation. Within the framework of the kineticenergy driven superconducting mechanism, the complicated line-shape in the electron quasiparticle excitation spectrum of cuprate superconductors is investigated. It is shown that the interaction between electrons by the exchange of spin excitations generates a notable peak structure in the electron quasiparticle scattering rate around the antinodal and nodal regions. However, this peak structure disappears at the hot spots, which leads to that the striking peak-dip-hump structure is developed around the antinodal and nodal regions, and vanishes at the hot spots. The theory also confirms that the sharp peak observed in the electron quasiparticle scattering rate is directly responsible for the remarkable peak-dip-hump structure in the electron quasiparticle excitation spectrum of cuprate superconductors.
I. INTRODUCTION
The parent compound of cuprate superconductors is a Mott insulator, which occurs to be due to the strong electron correlation 1, 2 . As the charge carriers are introduced into this parent Mott insulator, a process called doping, the material evolves from an insulator to a superconductor 3, 4 . This marked evolution of the electronic states indicates that the strong electron correlation in cuprate superconductors plays an essential role in the appearance of superconductivity, and also leads to the emergence of the unusual properties in both the superconducting (SC) and normal states [4] [5] [6] . In conventional superconductors, as explained by the BardeenCooper-Schrieffer theory 7, 8 , superconductivity is caused by the interaction between electrons by the exchange of phonons. These exchanged phonons act like a bosonic glue to hold the electron pairs together. However, the mechanism of superconductivity in cuprate superconductors is still debated. Since the SC-state electron quasiparticle excitations determined by the electronic structure is closely related to the bosonic glue forming electron pairs 9 , the understanding of the nature of the electron quasiparticle excitations of cuprate superconductors is thought to be key to the understanding of the electron pairing mechanism.
Experimentally, by virtue of systematic studies using the angle-resolved photoemission spectroscopy (ARPES), the essential feature of the electron quasiparticle excitation spectrum of cuprate superconductors in the SC-state is well-established [10] [11] [12] , where one of the most definite characteristics is the dramatic change in the spectral line-shape. The early ARPES experiments observed that around the antinodal region, a sharp electron quasiparticle excitation peak develops at the lowest binding energy corresponding to the SC gap, and is followed by a dip and then a hump in the higher energies, giving rise to a striking peak-dip-hump (PDH) structure in the electron quasiparticle excitation spectrum [13] [14] [15] [16] [17] [18] [19] [20] [21] . In particular, this similar PDH structure has been observed in tunneling and Raman spectra [22] [23] [24] [25] . More importantly, the Raman scattering measurements found that the remarkable PDH structure is also developed around the nodal region [25] [26] [27] . Therefore this well-known PDH structure now has been a hallmark of the spectral line-shape of the ARPES spectrum in cuprate superconductors. However, the recent ARPES experimental results 28 indicated a strong enhancement of the electron quasiparticle scattering rate around the antinodal region that manifests itself as a sharp peak in the imaginary part of the electron self-energy, and then this sharp peak is directly responsible for the famous PDH structure in the electron quasiparticle excitation spectrum 28 .
In spite of a general agreement on the importance of the PDH structure to superconductivity, the finial consensus on the physical origin of the PDH structure has not reached 9 . The earlier works 9 gave the main impetus for a phenomenological description of the electron quasiparticle excitations in terms of the strong interaction of electrons with a collective mode, which may be of fundamental relevance to the bosonic glue to hold the electron pairs together. In particular, a qualitative agreement is obtained in terms of the electron self-energy due to the interaction of electrons with a sharp spin resonance mode of the wave vector (π, π) seen in the inelastic neutron scattering experiments 29, 30 . An important fact underlying these phenomenological analyses is the disappearance of the spin resonance at the SC transition temperature T c . However, it has been questioned that the spin resonance has too small a spectral weight [31] [32] [33] , and it may be insufficient to produce superconductivity 34, 35 . Thus it is rather difficult to obtain conclusive results. On the other hand, the further ARPES studies showed that the hump scales with the peak and persists above T c in the pseudogap phase 36, 37 , indicating that the striking PDH structure may be totally unrelated to superconductivity. These experimental results also show that the same interaction of electrons with the bosonic excitations that induces the SC-state in the particle-particle channel should also generate an obvious peak structure in the imaginary part of the electron self-energy in the particle-hole channel, and then this peak structure can evolve into the normal-state pseudogap phase 36, 37 .
The strong electron correlation in cuprate superconductors comes from a large on-site repulsion between two electrons occupying the same site, which effectively translates into an elimination of the double electron occupancy. Apart from the numerical techniques, a powerful method to implement this elimination of the double electron occupancy is the so-called charge-spin separation slave-particle approach [38] [39] [40] [41] , where the constrained electron is decoupled according its charge and spin degrees of freedom. However, a microscopic theory based on the charge-spin separation can not give a consistent description of the electron Fermi surface (EFS) and the related electron quasiparticle excitations in terms of the conventional charge-spin recombination 38, 39 . In the recent work based on the kinetic-energy driven SC mechanism, we 42 have developed a full charge-spin recombination scheme to fully recombine a charge carrier and a localized spin into an electron, where the electron self-energies in both the particle-particle and particle-hole channels are generated by the strong interaction between electrons by the exchange of spin excitations, and then the single-electron Green's function (then the electron self-energy) in the normal-state can produce a large EFS with an area satisfying Luttinger's theorem 43 . In this paper, we study the complicated line-shape in the electron quasiparticle excitation spectrum of cuprate superconductors along with this line 42 . We show that the electron quasiparticle scattering rate arising from the electron self-energies exhibits a particularly obvious peak structure around the antinodal and nodal regions. However, this peak structure vanishes at hot spots, which cause a notable feature in the spectral line-shape generating the remarkable PDH structure in the electron quasiparticle excitation spectrum around the antinodal and nodal regions, in qualitative agreement with the experimental results [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . As a natural consequence of the disappearance of the peak structure in the electron quasiparticle scattering rate at the hot spots, the PDH structure in the electron quasiparticle excitation spectrum is absent from the hot spots.
The rest of this paper is organized as follows. The general formalism of the electron quasiparticle excitation spectrum of the t-J model in the SC-state is presented in Sec. II, while the quantitative characteristics of the electron quasiparticle excitation spectrum of cuprate superconductors are discussed in Section III, where we show that there is one to one correspondence between the peak structure in the electron quasiparticle scattering rate of cuprate superconductors and the PDH structure in the electron quasiparticle excitation spectrum. In particular, this peak structure in the electron quasiparticle scattering rate and the related PDH structure in the electron quasiparticle excitation spectrum can be attributed to the emergence of the pseudogap. Finally, we give a summary in Sec. IV.
II. FORMALISM
The energy and momentum dependence of the ARPES spectrum can be described by [10] [11] [12] ,
where M (k, ω) is a dipole matrix element that depends on the initial and final electronic states, incident photon energy, and polarization. However, as a qualitative discussion in this paper, the magnitude of the dipole matrix element M (k, ω) has been rescaled to the unit. n F (ω) is the fermion distribution, while the electron spectral function A(k, ω) in the SC-state is related directly to the imaginary part of the single-electron diago-
This ARPES spectrum in Eq. (1) yields a detailed picture of the energy and momentum dependence of the electronic structure of the occupied states below EFS. Very soon after the discovery of superconductivity in cuprate superconductors 3 , it has been argued that the essential physics of cuprate superconductors is captured by the t-J model on a square lattice 1 . Since then many elaborations based on this t-J model followed 44, 45 . In particular, it has been suggested that the spin excitation in cuprate superconductors, which is a generic consequence of the strong electron correlation, can mediate the electron pairing [44] [45] [46] . On the other hand, the combined inelastic neutron scattering and resonant inelastic X-ray scattering experimental data have identified the spin excitations with high intensity over a large part of moment space, and shown that the spin excitations exist across the entire range of the SC dome, and with sufficient intensity to mediate superconductivity in cuprate superconductors 47, 48 . For the understanding of the SC-state properties of cuprate superconductors, we [49] [50] [51] have developed a kinetic-energy driven SC mechanism based on the t-J model in the charge-spin separation fermion-spin representation, where the interaction between charge carriers and spins directly from the kinetic energy by the exchange of spin excitations generates the charge-carrier pairing state in the particleparticle channel and the charge-carrier pseudogap state in the particle-hole channel, while the electron pairs originated from the charge-carrier pairing state are due to the charge-spin recombination 42 , and their condensation reveals the SC ground-state. In the following discussions, we reproduce only the main details in the calculation of the single-electron Green's function of the t-J model. In Ref. 42 , the single-electron diagonal and off-diagonal Green's functions of the t-J model in the SC-sate have been obtained in terms of the full charge-spin recombination scheme as,
where the bare electron excitation spectrum ε k = −Ztγ k + Zt γ k + µ, with γ k = (cosk x + cosk y )/2, γ k = cosk x cosk y , the nearest-neighbor (NN) hopping amplitude t, the next NN hopping amplitude t , and Z is the number of the NN or next NN sites on a square lattice, while the electron self-energies Σ 1 (k, ω) in the particlehole channel and Σ 2 (k, ω) in the particle-particle channel have been evaluated in terms of the full charge-spin recombination, and are given explicitly in Ref. 42 . As in the case of the previous studies 42 , the parameters are chosen as t/J = 2.5 and t /t = 0.3, where J is the NN spin-spin antiferromagnetic exchange in the t-J model. It should be emphasized that in the full charge-spin recombination scheme 42 , the coupling form between the electron quasiparticles and spin excitations is the same as that between the charge-carrier quasiparticles and spin excitations, indicating that both the electron self-energies Σ 1 (k, ω) in the particle-hole channel and Σ 2 (k, ω) in the particle-particle channel are induced by the strong interaction between electrons by the exchange of spin excitations.
In the strong coupling formalism 52, 53 , both the energy and momentum dependence of the pairing force and electron pair order parameter have been incorporated into the electron self-energy Σ 2 (k, ω) in the particleparticle channel. In this sense, Σ 2 (k, ω) represents the energy and momentum dependence of the electron pair gap∆ s (k, ω) = Σ 2 (k, ω), where following the common practice, the imaginary part of Σ 2 (k, ω) has been neglected. On the other hand, the electron self-energy Σ 1 (k, ω) in the particle-hole channel can be separated into two parts:
with ReΣ 1 (k, ω) and ImΣ 1 (k, ω) that are, respectively, the corresponding real and imaginary parts of Σ 1 (k, ω). With the above electron diagonal Green's function (2a), the electron spectral function A(k, ω) in the SC-state now can be obtained explicitly as,
and then the electron quasiparticle excitation spectrum I(k, ω) in Eq. (1) can be measurable via the ARPES technique [10] [11] [12] , where the electron quasiparticle scattering rate Γ(k, ω) and the real part of the modified electron self-energy ReΣ(k, ω) can be expressed as,
respectively.
III. CORRELATION BETWEEN PEAK IN ELECTRON SCATTERING RATE AND PEAK-DIP-HUMP STRUCTURE IN ELECTRON SPECTRUM
In the SC-state, the contribution to the electron quasiparticle excitation spectrum comes from two typical excitations: the electron-hole and the electron pair excitations, which leads to a rather complicated form in the electron spectral function (3), where the real part of the modified electron self-energy ReΣ(k, ω) in Eq. (4b) reduces electron quasiparticle dispersion, while the lifetime of the electron quasiparticle excitation is determined by the electron quasiparticle scattering rate Γ(k, ω).
Firstly, we plot a map of the spectral intensity of the electron quasiparticle excitation spectrum I(k, ω) in the Brillouin zone (BZ) for the binding energy ω = −24 meV at doping δ = 0.15 with temperature T = 0.002J in Fig. 1a . For a comparison, the corresponding exper- imental result 54 of the ARPES spectral intensity map observed from the optimally doped Bi 2 Sr 2 CaCu 2 O 8+δ for the binding energy ω = −24 meV in the SC-state is also shown in Fig. 1(b) . It is shown clearly that the corresponding ARPES experimental result 54 is qualitatively reproduced. In particular, as in the previous case of the study of the nature of EFS [the map of the spectral intensity of the electron quasiparticle excitation spectrum I(k, ω) at zero energy (ω = 0)] in the normal-state [55] [56] [57] [58] [59] , two characteristic features emerge: (i) the coexistence of the disconnected segments and pockets around the nodal region, and (ii) the highest intensity points located at the tips of the disconnected segments, which in this case coincide with the hot spots on the constant energy contours. These hot spots connected by the scattering wave vector contribute effectively to the electron quasiparticle scattering process. In particular, the electron quasiparticle scattering between two hot spots on the straight disconnected segments causes the charge ordering instability 43, [60] [61] [62] [63] [64] [65] . Furthermore, we 66 have also discussed the autocorrelation C(q, ω) = (1/N ) k I(k + q, ω)I(k, ω) of the electron quasiparticle excitation spectral intensities, and found that the spots inC(q, ω) are directly correlated with those wave vectors q i that connect the tips of the disconnected segments in Fig. 1a , in qualitative agreement with the ARPES experimental data 54 . More importantly, these q i wave vectors are also qualitatively consistent with those observed from the Fourier transform scanning tunneling spectroscopy experiments 67, 68 , indicating that the octet model that has been used to explain the Fourier transform scanning tunneling spectroscopy experimental data can give a consistent description of the regions of the highest joint density of states.
With the help of the above map of the spectral intensity of the electron quasiparticle excitation spectrum in Fig. 1 , we now turn to discuss the complicated lineshape in the electron quasiparticle excitation spectrum of cuprate superconductors. We have made a series of calculations for I(k, ω) along with EFS from the antinode to node, and the results of I(k, ω) as a function of energy around (a) the antinode, (b) the hot spot, and (c) the node at δ = 0.15 with T = 0.002J are plotted in Fig.  2 . At the antinode, the electron quasiparticle excitation spectrum consists of two separate peaks: a very sharp low-energy peak and a relatively broad high-energy peak, which are corresponding to the SC quasiparticle excitation and hump, respectively. Between these two peaks is a dip, which corresponds to the intensity depletion region. The total contributions for the electron quasiparticle excitation spectrum therefore give rise to the PDH structure (see Fig. 2a ), where the position of the sharp low-energy peak deviates from EFS is due to the opening of the d-wave type SC gap. However, the positions of the peak, dip, and hump are momentum dependent. In particular, the position of the hump appreciably shifts towards the low-energy peak as one moves away from the antinode to the hot spot, and eventually this hump disappears at the hot spot, leading to the absence of the PDH structure at the hot spots (see Fig. 2b ). However, this PDH structure is gradually developed again as one moves away from the hot spot to the node, and then the PDH structure appears around the nodal region (see Fig. 2c ). These results of the PDH structure in the electron quasiparticle excitation spectrum around the antinodal and nodal regions are qualitatively consistent with the experimental observations on cuprate superconductors in the SC-state [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . Moreover, as a natural consequence of the doped Mott insulators, this PDH structure is also doping dependent. To see the evolution of the PDH structure with doping clearly, the results of I(k, ω) as a function of energy at (π, 0) point of BZ with T = 0.002J for δ = 0.09 (black line), δ = 0.12 (red line), δ = 0.15 (green line), and δ = 0.18 (blue line) are plotted in Fig. 3 in comparison with the corresponding experimental data 36 of Bi 2 Sr 2 CaCu 2 O 8+δ (inset). Apparently, the positions of both the hump and low-energy peak move to higher energies with the decrease of doping, which are also in qualitative agreement with the corresponding ARPES experimental results 36, 69 , where the similar doping dependence of the positions of the hump and low-energy peak have been observed on cuprate superconductors in the SC-state.
A natural question is why the PDH structure in the electron quasiparticle excitation spectrum of cuprate superconductors can be described qualitatively within the framework of the kinetic-energy driven superconductivity. The reason is that the presence of the spin excitations in cuprate superconductors has a well-pronounced effect on both the real and imaginary parts of the electron self-energy. This can be understood from the electron quasiparticle scattering rate Γ(k, ω) in Eq. (4a) and the real part of the modified electron self-energy ReΣ(k, ω) in Eq. (4b). The electron quasiparticle excitation spectrum I(k, ω) in Eq. (1) [then the electron spectral function A(k, ω) in Eq. (3)] exhibits a peak when the incoming photon energy ω is equal to the electron quasiparticle excitation energy E(k), i.e.,
and then the lifetime of the electron quasiparticle excitation at the energy ω is determined by the inverse of the electron quasiparticle scattering rate Γ(k, ω). On the one hand, for a given energy ω, Γ(k, ω) varies strongly with momentum. To reveal this highly anisotropic Γ(k, ω) in momentum space clearly, we plot (a) the map of the intensity of Γ(k, ω) in BZ and (b) the angular dependence of Γ(k, ω) on the constant energy contour shown in Fig. 1a for ω = −24 meV at δ = 0.15 with T = 0.002J in Fig. 4 , where the actual minimum of Γ(k, ω) does not appear around the node, but locates exactly at the hot spots. However, Γ(k, ω) still exhibits the largest value around the antinode, and then it decreases with the move of the momentum away from the antinode. In particular, the magnitude of Γ(k, ω) around the node is smaller than that around the antinode. This special momentum dependence of Γ(k, ω) therefore suppresses heavily the low-energy spectral weight of the electron quasiparticle excitation spectrum around the antinodal region, but has a more modest effect on the spectral weight around the nodal region. In this case, the tips of these disconnected segments on the constant energy contours converge on the hot spots to form the closed pocket, generating a coexistence of the disconnected segments and pockets as shown in Fig. 1a . On the other hand, for a given momentum k, Γ(k, ω) also varies strongly with energy. To see this point clearly, we plot Γ(k, ω) as a function of energy around (a) the antinode, (b) the hot spot, and (c) the node at δ = 0.15 with T = 0.002J in Fig. 5 . For comparison, the corresponding experimental result 28 of the energy dependence of the electron quasiparticle scattering rate around the antinodal region found in the optimally doped Bi 2 Sr 2 CaCu 2 O 8+δ is also shown in Fig. 5a (inset) . The result in Fig. 5a shows clearly that around the antinodal region, a well-pronounced peak structure appears, where Γ(k, ω) reaches a sharp peak at a binding energy of −0.136t, and then it decreases rapidly in both the low-energy and high-energy regimes. In particular, the position of the sharp peak is just corresponding to the position of the dip in the PDH structure in the electron quasiparticle excitation spectrum shown in Fig.  2a , and therefore the peak structure in Γ(k, ω) induces an intensity depletion in I(k, ω) around the dip. Moreover, using a reasonably estimative value of J ∼ 150 meV, the anticipated position of the sharp peak at the binding energy of −0.136t = −51 meV in the optimal doping is not too far from the peak position at the binding energy of -62 meV observed 28 in the optimally doped Bi 2 Sr 2 CaCu 2 O 8+δ . Furthermore, as a comparison, we have also calculated the imaginary part of the electron self-energy ImΣ 1 (k, ω) as a function of energy for the same set of parameters as in Fig. 5 , and the result of ImΣ 1 (k, ω) at the antinode is almost the same as that of Γ(k, ω) shown in Fig. 5a except for the upturn of Γ(k, ω) near EFS, where the upturn of ImΣ 1 (k, ω) near EFS is absent. These results therefore confirm that the upturn of Γ(k, ω) near EFS is caused by the SC gap opening, and vanishes in the normal-state, in good agreement with the experimental data 28 . However, the sharp peak in Γ(k, ω) is gradually suppressed as one moves away from the antinodal region, and then the peak structure vanishes eventually at the hot spots (see Fig. 5b ). Moreover, the peak structure in Γ(k, ω) is gradually developed again as one moves away from the hot spot, and then the peak structure emerges around the nodal region, although the weight of the peak is much smaller than that around the antinodal region (see Fig. 5c ). This special energy and momentum dependence of the peak structure in Γ(k, ω) therefore leads to that the striking PDH structure in the electron quasiparticle excitation spectrum is developed around the antinodal and nodal regions, and disappears at the hot spots.
It should be noted that in the recent ARPES measurements 28 , the well-pronounced peak structure in the electron quasiparticle scattering rate (then the PDH structure in the electron quasiparticle excitation spectrum) emerges mainly around the antinodal region, which is consistent with the early ARPES experimental results [13] [14] [15] [16] [17] [18] [19] [20] [21] . However, in a clear contrast to the early Raman scattering measurements results [25] [26] [27] , the weak peak structure in the electron quasiparticle scattering rate around the nodal region was not observed 28 . On the other hand, our present theoretical results of the well-pronounced peak structure in the electron quasiparticle scattering rate around the antinodal region are well consistent with these observed in the recent ARPES experiments 28 , while the results of the electron quasiparticle scattering rate around the nodal region and the related constant energy contours at zero and finite energies are in qualitative agreement with the early ARPES experimental data 54, 63 and Raman scattering measurements results 25, 26 . However, the theory also predicts that the peak structure in the electron quasiparticle scattering rate is absent from the hot-spot directions, which should be verified by future experiments.
As a complement of the above analysis of the PDH structure in the SC-state, we now discuss the complicated line-shape of the electron quasiparticle excitation spectrum in the normal-state. In the normal-state [the SC gap∆ s (k, ω) = 0], the SC-state electron quasiparticle scattering rate Γ(k, ω) in Eq. (4a) is reduced as the normal-state electron quasiparticle scattering rate Γ NS (k, ω) = |ImΣ 1 (k, ω)|. In Fig. 6 , we plot Γ NS (k, ω) as a function of energy around (a) the antinode, (b) the hot spot, and (c) the node at δ = 0.15. Comparing it with Fig. 5 for the same set of parameters except for∆ s (k, ω) = 0, we see that although the upturn of Γ NS (k, ω) near EFS is absent, the main feature of the peak structure in the SC-state electron quasiparticle scattering rate persists into the normal-state. This peak structure in Γ NS (k, ω) therefore leads to the similar energy and momentum dependence of the PDH structure in the electron quasiparticle excitation spectrum of cuprate superconductors in the normal-state 59 , also in qualitative agreement with the experimental results 36, 37 .
Within the framework of the kinetic-energy driven SC mechanism, the same electron interaction mediated by spin excitations that generates the SC-state in the particle-particle channel also induces the pseudogap state in the particle-hole channel 42, 50, 51 . This follows a fact that the electron self-energy Σ 1 (k, ω) in the particleparticle channel can be also rewritten approximately as
, where∆ PG (k) and ε 0k are the pseudogap and the energy spectrum, respectively, and have been given explicitly in Ref. 42 . In this case, the corresponding imaginary part of Σ 1 (k, ω) can be expressed in terms of the pseudogap as ImΣ 1 (k, ω) ≈ −π[∆ PG (k)] 2 δ(ω + ε 0k ), reflecting an intimate relation between the electron quasiparticle scattering rate and pseudogap 37 . This pseudogap as a competing order persists up to the pseudogap crossover temperature T * , and coexists with superconductivity below T c 42, 50, 51 . This pseudogap (then the electron quasiparticle scattering rate) generates the PDH structure in both the SC-and normal-states. In other words, the well-known PDH structure in the electron quasiparticle excitation spectrum can be attributed to the emergence of the pseudogap. This is also why the striking PDH structure is totally unrelated to superconductivity 36, 37 . Furthermore, from the electron spectral function A(k, ω) in Eq. (3) and the related electron quasiparticle scattering rate Γ(k, ω) in Eq. (4a) and real part of the modified electron selfenergy ReΣ(k, ω) in Eq. (4b), it can be found that the positions of the hump and low-energy peak in the electron quasiparticle excitation spectrum are determined by both the pseudogap∆ PG (k) and SC gap∆ s (k, ω). However, this pseudogap has a largest value around the antinodal region, and then smoothly decreases upon increasing doping 42, 50, 51 . This doping dependence of the pseudogap therefore leads to that the positions of the hump and lowenergy peak around the antinodal region shown in Fig. 3 shift towards higher energies with the decrease of doping.
IV. CONCLUSIONS
In conclusion, we have investigated the complicated line-shape in the electron quasiparticle excitation spectrum of cuprate superconductors based on the kineticenergy driven SC mechanism. We show that the interaction between electrons by the exchange of spin excitations induces a well-pronounced peak structure in the electron quasiparticle scattering rate around the antinodal and nodal regions. However, this peak structure disappears at the hot spots, which leads to that the striking PDH structure in the electron quasiparticle excitation spectrum is developed around the antinodal and nodal regions, and then vanishes at the hot spots. The theory also shows that there is one to one correspondence between the peak structure in the electron quasiparticle scattering rate and the PDH structure in the electron quasiparticle excitation spectrum of cuprate superconductors, and all these unusual properties can be attributed to the emergence of the pseudogap.
